I. INTRODUCTION
The interplay between spin, lattice, and orbital degrees of freedom has resulted into multiple ground states in the strongly correlated electron systems. The spin fluctuation is brought into by the geometrical frustration, which further increases the degeneracy of ground states.
1,2 Transition metal oxides of the spinel AB 2 O 4 provide a fertile ground for investigating the competition between spin, lattice, orbital degrees of freedom, and the geometrical frustration, 3 which include magnetic ordering, orbital ordering, ferroelectric structure, glassy effect, spin frustration, and critical point phenomena. [4] [5] [6] [7] [8] [9] [10] [11] The essential cell of the spinel oxide A 2þ B 3þ 2 O 2À 4 structure includes the oxygen sharing tetrahedrally coordinated A sites, and the octahedrally coordinated B sites. The A 2þ ions form a diamond lattice with two face-centered sublattices, while the B 3þ ions form a highly frustrating network of corner-shared tetrahedra.
Especially, the vanadate MnV 2 O 4 exhibits a series of novel physical states of spin ordering, orbital ordering, and lattice distortion, which concerns the coupling between spin, lattice, orbit, and geometrical frustration. Two spin sublattices coexist in MnV 2 O 4 , which are formed by Mn 2þ (3d 5 , S ¼ 5/2) on A-sites and V 3þ (3d 2 , S ¼ 5/2) on B-sites, respectively. With the decrease in temperature, MnV 2 O 4 undergoes two phase transitions: a paramagnetic-ferrimagnetic transition at T N ¼ 56 K and a subsequent orbital ordering transition at T OO ¼ 53 K accompanying with a cubic-to-tetragonal distortion. [12] [13] [14] A noncollinear commensurate ferrimagnetic ordering was observed in the orbital ordering phase. 15 The magnetic interaction of MnV 2 O 4 remains controversial due to the complex competitions. Nii et al. demonstrated that the magnetization-dependent Weiss temperature [H(M)] could be understood on the basis of Landau mean-field theory by ultrasound velocity measurement. 16 However, Baek et al. suggested that the magnetic coupling was satisfied with the 3D-Heisenberg model by ac-susceptibility and NMR study. 17 In this work, the critical behavior of the MnV 2 O 4 has been investigated by the dc-magnetization, where reliable critical exponents b, c, and d are obtained in the critical asymptotic region around the critical temperature T C . The results suggest a long-range ferromagnetic coupling of Mn 2þ -Mn 2þ bonds, which compete with a short-range coupling of V 3þ -V 3þ bonds. Moreover, the precursor phenomenon of orbital ordering due to the orbital fluctuation is observed from the critical behavior.
II. EXPERIMENT
A polycrystalline sample of MnV 2 O 4 was prepared by the solid state reaction. The starting materials, powder of V 2 O 3 (purity 99.9%), Mn (99.99%), and MnO 2 (99.9%) were mixed thoroughly according to appropriate proportion. The mixed powder sealed in vacuumed quartz tubes was sintered at 1223 K for 20 h. Then, the reground sample was pressed into pellets and sintered at 1223 K in vacuumed quartz tubes for another 20 h. The phase purity and physical properties were carefully checked elsewhere. 18 The magnetization was measured using a Magnetic Property Measurement System (Quantum Design MPMS 7 T-XL) with a superconducting quantum interference device (SQUID) magnetometer. The no-overshoot mode was applied to ensure precise magnetic field. The field was relaxed for 2 min before date collection. Sample for magnetic measurement was processed into slender ellipsoid shape with the applied field along the longest axis to decrease the demagnetizing field. In order to make sure each curve was initially magnetized, the isothermal magnetization was performed after the sample was heated to 300 K for more than 10 min, then cooled under zero field to the target temperature. The magnetic ground was carefully subtracted. The applied magnetic field H a was corrected into the internal field as H ¼ H a À NM (where M is the measured magnetization and N is the demagnetization factor). The calculated H was used for the analysis of critical behavior.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the temperature dependence of magnetization [M(T)] under H ¼ 100 Oe for MnV 2 O 4 . The M(T) curves were measured under three sequences: (i) measured on warming after zero-field-cooling (ZFCw), (ii) measured on cooling after field-cooling (FCc), and (iii) measured on warming after field-cooling (FCw). A paramagnetic-ferrimagnetic transition occurs with decrease in temperature, where the transition temperature T N ¼ 56 K is determined by the most harp point of the ZFCw curve in agreement with the previous reports. 12, 13 With further decrease in temperature, a discrepancy appears for ZFCw and FC curves (including the FCc and FCw curves), indicating a spin-glass-like behavior. 17 A thermal hysteresis happens to the FCc and FCw curves, which demonstrates a first order phase transition corresponding to the orbital ordering transition at T OO ¼ 53 K. Figure 1(b) gives the magnetization as a function of field [M(H)] at T ¼ 4 K, exhibiting a typical ferromagnetic behavior. The saturation magnetization M s is about 3.22 l B /(f.u.) at 4 K. As shown in the upper-left and lower-right insets of Fig. 1(b) , the 3d levels of Mn 2þ and V 3þ are degenerated by the crystal field (CF). The 3d 5 level of Mn 2þ is split into higher-energized t 2g (xy, yz, zx) and lower-energized e g ðx 2 À y 2 ; z 2 À r 2 Þ levels due to the tetrahedron CF, resulting into magnetic moment S ¼ 5/2. Meanwhile, the 3d 2 level of V 3þ is split into higherenergized e g and lower-energized t 2g orbits due to the octahedron CF, leading to S ¼ 1. Thus, the effective moment arrangement of magnetic domains and the effect due to the uncertainty in the calculation of demagnetization factor. 23 For a ferromagnetic phase transition, M 2 vs H/M generally presents a series of straight lines in high field region around T C according to the Arrott plot, where M 2 vs H/M at T C just passes through the origin. 24, 25 The slope of line indicates the order of the phase transition according to the Banerjee's criterion, which gives the conclusion that negative slope implies first order transition, while positive slope corresponds to second order one. 26 As shown in Fig. 2(b) , the M 2 vs H/M at T ¼ 60 K just passes the origin, which indicates T C ¼ 60 K. It should be noticed that T C is higher than T N . In our previous study, the ferromagnetic coupling temperature was deduced to be 60 K from the electron-paramagnetic-resonance (EPR) measurement. 18 In addition, the orderparameter profile of neutron diffraction shows a long tail even above 70 K. 14 These results indicate that the ferromagnetic coupling has established above T N . Above T C , M
2 vs H/M shows a series of straight lines parallel with each other. The positive slopes of lines around T C indicate that the phase transition at T C is a second order one. However, below T C , the M 2 vs H/M relation cannot be fitted by a single straight line gradually, which can be attributed to the first order phase transition, as shown in Fig. 2(b) . The Arrott plot indicates that the spin-orbital coupling has occurred above T OO , which is called orbital fluctuation. 15 The orbital fluctuation appears at 57 K, which is equal to the YK ordering temperature T YK ¼ 57 K. 13, 15 This orbital fluctuation observed on the critical behavior is in agreement with that by inelastic neutron scattering and EPR studies, 15 ,18 which will not only affect the magnetic/orbital ordering but also enhance the magnetocrystalline anisotropy. 14 Herein, we mainly focus on the critical behavior of the second order paramagnetic-ferrimagnetic phase transition. In the vicinity of a second order magnetic phase transition, the divergence of correlation length n ¼ n 0 jðT C À TÞ=T C j À leads to universal scaling laws for the spontaneous magnetization M S and initial susceptibility v 0 . The critical behavior can be described through a series of critical exponents, 27, 28 M S ðTÞ ¼ M 0 ðÀeÞ b ; e < 0; T < T C ; 
where f 6 are regular functions with f þ for T > T C while f À for T < T C . Defining the renormalization magnetization m ¼ e Àb MðH; eÞ and the renormalization field h ¼ He ÀðbþcÞ , there is a scaling relation m ¼ f 6 ðhÞ. The initial isothermal M(H) curves are replotted as m(h) in Fig. 4 , where all experimental curves collapse onto two independent universal branches above and below T C , respectively. The obedience of the scaling equation over the entire range of the normalized variables experimentally confirms the reliability of the obtained critical exponents.
The obtained critical exponents of MnV 2 O 4 , theoretical values of different models, and exponents reported in other literatures are listed in Table I For a homogeneous magnet, the universality class of the magnetic phase transition depends on the exchange interaction J(r), where a renormalization group theory analysis suggests the long-range interactions decay as 29 JðrÞ $ 1=r ðdþrÞ (where d is the spatial dimension, and r is a positive constant). For a long-range interaction, there is [29] [30] [31] 8ðn þ 2Þðn À 4Þ
where Dr ¼ ðr À 11 The discrepancy of critical exponents determined at 56 K by the ac-susceptibility study is due to the strong short-range coupling and orbital fluctuation of V 3þ -V 3þ below T C . The critical exponents obtained here are not satisfied with the Widom scaling relation d ¼ 1 þ c=b, 37 which can be attributed to the two kinds of magnetic coupling in MnV 2 O 4 . It should be noted that two magnetic sublattices coexist in this system. However, the dcmagnetization can just gives the average magnetic behaviors. When suppressing the V 3þ -V 3þ coupling, the Widom scaling relation is well obeyed.
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IV. CONCLUSION
In summary, the critical behavior around the paramagnetic-ferrimagnetic transition of MnV 2 O 4 has been investigated by the dc-magnetization. Critical exponents b ¼ 0.349 6 0.009, c ¼ 0.909 6 0.002, and d ¼ 2.913 6 0.003 are obtained around T C . With these critical exponents, the experimental M-T-H curves collapse onto two independent universal branches above and below T C , respectively, which interaction, which competes with the short-range coupling for V 3þ -V 3þ interaction.
